Introduction {#s001}
============

*S*[*taphylococcus aureus* is]{.smallcaps} an important cause of serious community and healthcare-acquired infections worldwide. These Gram-positive bacteria are responsible for a number of skin, soft tissue, and bloodstream infections, as well as endocarditis, meningitis, and bovine mastitis in dairy herds.^[@B1],[@B2]^ The incidence rate of bacteremia caused by *S. aureus* is estimated to reach even 50 cases per 100,000 population every year and mortality rate between 10% and 30%.^[@B3]^ In UK alone, more than 10,000 cases of *S. aureus* bacteremia are reported each year with an associated mortality of about 30%.^[@B4]^ The clinical impact of infections has been amplified by the emergence and rapid spread of antibiotic-resistant strains, becoming a top priority for global health organizations and motivating a search for next-generation antibacterial agents.

Peptidoglycan (PGN) hydrolases, enzymes that catalytically degrade PGN of the bacterial cell walls, represent an interesting alternative to conventional antibiotics.^[@B5]^ These enzymes can be classified into several groups based on their origin, like autolysins (*e.g.*, LytM), exolysins (lysostaphin), and endolysins, the latter utilized mostly by bacteriophages to allow their release from infected host cells at the end of the lytic cycle.^[@B6]^ They are also able to lyse the cells when added externally, making them potential antimicrobials.^[@B7]^

PGN hydrolases attach to the cell wall and degrade the PGN by cleavage of specific bonds. Most of them display modular structure of at least two distinct domains: one or more N-terminal enzymatically active domains (EAD) and C-terminal cell wall binding domain (CBD), which correspond to enzymatic and substrate recognition functions, respectively.^[@B8]^ The relative position and the number of the domains may vary. Domains are connected by a short flexible linker.^[@B9]^ In most cases, they can work independently and therefore are easy to be shuffled from different origins to engineer chimeric lysins with completely new features, like binding specificity, spectrum of activity, stability, solubility etc.^[@B6],[@B10]^

PGNs are built of glycan and peptide moieties with composition and structure characteristic for each bacterial genera/species/strain.^[@B15]^ Gram-positive bacteria contain a very thick and highly cross-linked PGN layer, additionally decorated with carbohydrates and proteins. There are examples of enzymes for cleavage of each PG bond type and therefore various activities are found among enzymatically active domains of PGN hydrolases, like muramidases, glucosamidases, amidases, endopeptidases, and carboxypeptidases.^[@B16]^ CBD domains comprise a structurally and biochemically diverse group. One of the first CBD domains identified were the Cpl-7 domain of the pneumococcal amidase autolysin^[@B17]^ and Cpl-7-like CBD in group B streptococcal λSa2phage endolysin.^[@B18]^ However, the best studied PG hydrolase CBDs are domains classified as SH3b, a prokaryotic homologue of the eukaryotic src homology 3 (SH3) domains.^[@B12],[@B19]^

The function of the SH3 domains is not well understood, but they may be involved in numerous processes such as increasing local concentration of proteins, altering their subcellular location and mediating the assembly of large multiprotein complexes.^[@B20]^ SH3 domains in eukaryotic proteins are involved in signal transduction and binding of proline-rich protein sequences.^[@B21]^ A homologue of the SH3 domain has been found in many proteins of phage and bacterial origin, including glycylglycine endopeptidase (lysostaphin), phage endolysins, autolysins, and some hypothetical proteins.^[@B12]^

Three crystal structures of bacterial SH3 domains have been solved so far.^[@B22]^ The lysostaphin SH3b domain binds to pentaglycine interpeptide bridges of the *S. aureus* PGNs^[@B25]^ and is highly similar in amino acid sequence (\>80% identity) and structure to *Staphylococcus capitis* ALE-1 endopeptidase.^[@B22]^ Detailed information about how exactly SH3b domain interacts with PGNs is still not available as the structure of such domain with the substrates has not been published so far. Nevertheless, many chimeric lysines with SH3b domains have been recently engineered showing improved features, like affinity or specificity.^[@B11],[@B26]^

In contrast to bacteriocins or bacteriophage endolysins, autolysins have not been explored so intensively as potential antibacterial agents. They are involved in autolysis, PGN recycling, cell division, and biofilm formation throughout normal bacterial cell lifecycle.^[@B27]^ One of the postulated barriers to therapeutic use of autolysins is their precise regulation by expression, localization, and catalytic activity control.^[@B30]^

One of the best characterized *S. aureus* autolysin is LytM, Zn^2+^-dependent glycylglycine endopeptidase,^[@B31]^ with a characteristic HxH motif that belongs to the MEROPS M23 family of metallopeptidases.^[@B35]^ Full-length LytM protein remains inactive against purified PGNs or live *S. aureus* and only truncated enzyme (residues 185--316, [Fig. 1](#f1){ref-type="fig"}), which lacks the N-terminal fragment and the occluding region, shows a high lytic activity.^[@B34]^ The C-terminal region of LytM (LytM enzymatically active domain, LytM_EAD) has high similarity to the lysostaphin enzymatically active domain, Lss_EAD (52% amino acid identity over 106 residues). Both enzymes are well characterized not only biochemically but also structurally.^[@B24],[@B34],[@B36],[@B37]^

![Lysin constructs. Numbers in boxes represent amino acid positions in full-length proteins according to UniProt.](fig-1){#f1}

The enzymatic activity comparison of mature lysostaphin (Lss) and enzymatically active domain of LytM (LytM_EAD) has revealed a huge difference in their preferences for optimal ionic conditions. While lysostaphin degrades *S. aureus* cell walls very efficiently in buffers of higher ionic strength, LytM_EAD works best in very low conductivity buffers (up to 3 mS/cm).^[@B33]^

While the main differences observed in activities of mature lysostaphin and LytM_EAD are their opposite preferences for ionic milieu of the reaction, the main structural difference is the lack of cell binding domain (CBD) in the latter one. We have engineered chimeric lysins consisting of N-terminal enzymatically active domain of LytM fused with lysostaphin cell wall binding domain (Lss_CBD) by lysostaphin linker sequence. In this study, we present the comparative analysis of chimeras and their parental enzymes and discuss the mechanism of CBD function in the regulation of enzymes activity.

Materials and Methods {#s002}
=====================

Bacterial strains {#s003}
-----------------

*Staphylococcus aureus* MRSA clinical isolates were collected at Warsaw Medical University (Warsaw, Poland) and together with other staphylococcal reference strains were grown routinely in the Trypticase soy broth (TSB; Sigma-Aldrich) medium at 37°C. *Escherichia coli*, *Bacillus subtilis*, and *Pseudomonas aeruginosa* reference strains were grown in the LB (Sigma-Aldrich) medium at 37°C.

Cloning and expression {#s004}
----------------------

The enzymatically active domain of LytM (residues 185--316), enzymatically active domain of lysostaphin (Lss_EAD, residues 251--384), mature lysostaphin (Lss residue 251--493), and lysostaphin cell wall binding domain (Lss_CBD) were cloned into an expression plasmid (pET15b, *Nco*I and *Xho*I restriction sites) under the control of the T7 promoter and lac repressor. LytM_EAD, Lss linker, and Lss_CBD domains in Chimera and revChimera were ligated using overlap extension polymerase chain reaction (PCR).^[@B38]^ Primers with 5′ overhang sequence complement to the end of the other DNA molecule, which will be ligated with, allowed to anneal two DNA fragments and multiply them by PCR reaction using another pair of prime complement to the target DNA ends. Such PCR products were purified and digested with *Nco*I and *Xho*I enzymes and ligated with similarly digested pET15b expression vector.

*E. coli* TOP10 strain was transformed and after sequence verification, plasmids were transformed into BL21(DE3) *E. coli* strain. Overexpression of proteins was induced by 1 mM IPTG and performed for about 4 hr at 25°C.

Mutagenesis {#s005}
-----------

Chimera and revChimera linker double mutants were generated by PCR-based site-directed mutagenesis with Phusion high-fidelity DNA polymerase (Thermo Fisher Scientific) using pET15b-Chimera/revChimera plasmids as a PCR template. The presence of appropriate mutations was confirmed by DNA sequencing.

Protein purification {#s006}
--------------------

*E. coli* cell pellet containing overexpressed enzymatically active domain of lysostaphin (Lss_EAD), enzymatically active domain of LytM (LytM_EAD), mature lysostaphin (Lss), or lysostaphin cell wall binding domain (Lss_CBD) was suspended in 20 mM Tris-HCl, pH 7.0, 1 M NaCl, and 10% glycerol (50 mM NaCl for LytM_EAD) and disrupted by Constant Cell Disruption System (Constant Systems Ltd.). Cell lysate was dialyzed against 20 mM Tris-HCl, pH 7.0, 50 mM NaCl, and purified by exchange chromatography in NaCl gradient (SP Sepharose column; GE Healthcare). Further purification was done by gel filtration on Superdex 75 column (GE Healthcare) in 20 mM Tris-HCl, pH 7.0, 200 mM NaCl, and 10% glycerol buffer. Overexpressed Chimera and revChimera enzymes were purified as described above with one exception; *E. coli* were lysed by sonication.

Lytic assays {#s007}
------------

Turbidity reduction assay. The turbidity assays were performed in 96-well microtiter plates. Bacterial cells used in all experiments were collected at exponential growth phase in TSB, washed, and suspended in an appropriate buffer to an apparent OD~595~ of 1.0. To each well, 100 μl of bacterial suspension and 100 μl of purified 200 nM enzyme in an appropriate buffer were added. OD~595~ was monitored for 1 hr at room temperature, with readings every 10 min and 5 sec shaking. Tests were carried out in 1× phosphate-buffered saline (PBS), pH 7.4, or in 50 mM glycine buffer, pH 8.0, with or without additional 100 mM NaCl.

Experiments at low temperature were carried out in 1 ml volume on ice and measured as above in spectrophotometer. The lytic activity was calculated as a percentage of reduction of initial OD~595~. Each experiment was repeated thrice in triplicate.

pH. The activity of LytM_EAD, chimeras, and mature lysostaphin was tested in the range of pH (5--9) using buffers of the same conductivity as 50 mM glycine pH 8.0 (∼1 mS/cm): 10 mM acetate-Na buffer pH 5.0, 2 mM citrate-Na buffer pH 6.0, 5 mM Tris-HCl pH 7.0, 10 mM Tris-HCl pH 8.0, and 50 mM Tris-HCl pH 9.0. In the case of lysostaphin and chimeras, buffers were supplemented with 100 mM NaCl.

SYTOX^®^ fluorescence assay. Fifty microliter of the reaction mixture containing *S. aureus* (grown to mid-log phase, washed twice in 1 × PBS or 50 mM glycine, pH 8.0 and suspended to the final OD~595~ = 1.0), 5 mM SYTOX Green (Invitrogen), and enzymes. As the preliminary tests with 100 nM concentration of enzymes show high sensitivity of the assay, the amount of enzymes was lowered to 10 nM allowing better observation of differences between enzyme activities as well as more reproducible and reliable calculation of specific activity. Fluorescence intensity was measured for 1 hr at room temperature using excitation of 504 nm and emission of 523 nm. Mean fluorescence intensity was calculated from the steepest linear region of the lysis curve.

To evaluate statistical significance of the results, the two-tailed Student\'s *t*-test (assuming equal variances in all samples) was used to calculate probabilities for the null hypothesis of equal means in pairwise comparisons.

Minimal inhibitory concentration determination {#s008}
----------------------------------------------

Minimal inhibitory concentrations (MICs) for LytM_EAD, Lss, and Chimera (G391A, G392A) were determined as previously described^[@B39]^ by growing *S. aureus* NCTC 8325-4 in 96-well plate (4 × 10^5^ CFU/ml) in 100 μl of Mueller Hinton II Broth (Sigma-Aldrich) supplemented with 2% NaCl and 0.1% bovine serum albumin (BSA). Enzymes were added at concentrations ranged from 0.25 to 0.00025 μg/ml in twofold dilutions in the media. A positive control without added enzymes was included in each assay. Plates were incubated at 37°C with shaking (150 rpm) for 24 hr. The absorbance using microplate reader was measured at 595 nm and MIC values determined based on wells with no measurable bacterial growth.

CFU determination {#s009}
-----------------

Turbidity reduction assays were performed as described above using 100 μl of *S. aureus* NTCT 8325-4 from overnight culture grown in the Mueller-Hinton medium (Sigma-Aldrich) supplemented with 2% NaCl and 0.1% BSA and 100 μl of Lss, Chimera, or LytM_EAD diluted in the same medium to achieve final concentration of 100 nM in the test. Reaction was incubated for 1 hr at room temperature and both before and after the test, serial dilutions of reaction were plated on TSB-agar plates and left to grow overnight. The number of CFUs was counted next day. The experiment was performed thrice with five repeats each time.

PGN binding assay {#s010}
-----------------

The binding of proteins to *S. aureus* purified PGN experiments were performed as described previously.^[@B33]^ Ten microgram of each protein was incubated with purified PGN (OD~595~ = 20) in 50 μl of 50 mM glycine buffer, pH 8.0, with or without 100 mM NaCl at 4°C for 15 min. Bound and unbound fractions of proteins were separated by centrifugation and analyzed on 15% SDS-PAGE gels.

Stability assays {#s011}
----------------

Purified proteins were stored at −80°C in the storage buffer (20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10% glycerol). For stability tests, the enzymes were diluted to the concentration of 1 mg/ml in the storage buffer and stored at 4°C, and 37°C for up to 30 days. The integrity of proteins was checked on SDS-PAGE electrophoresis. The molecular weight of particular fragments of degraded proteins was determined by means of mass spectrometry on Synapt G2 instrument equipped with ESI source (Waters Corporation) at Warsaw University (Warsaw, Poland).

Results and Discussion {#s012}
======================

LytM enzymatically active domain has greater bacteriolytic potential than lysostaphin enzymatically active domain {#s013}
-----------------------------------------------------------------------------------------------------------------

Although mature lystostaphin (Lss) and LytM enzymatically active domain (LytM_EAD) have the same specificity and very similar antistaphylococcal activity, they require completely opposite conditions of ionic strength for their optimal performance. While the LytM_EAD activity is very high in low conductivity buffers (\<3 mS/cm), mature lysostaphin shows high bacteriolytic efficiency only in high conductivity buffers (\>10 mS/cm).^[@B33]^

To further investigate this phenomenon, we have cloned, overexpressed, and characterized full-length lysostaphin (Lss), its enzymatically active domain (Lss_EAD), and the enzymatically active domain of LytM (LytM_EAD) (cloned domains are presented in [Fig. 1](#f1){ref-type="fig"}). All proteins were produced in *E.coli* and purified to homogeneity. We have tested the activity of all enzymes in two different ways: by turbidity reduction assay and by measuring the kinetics of DNA release from lysed cell. While the turbidity reduction assay allows easy and simple monitoring of bacteriolytic efficiency of enzymes, fluorometric measurements of DNA release from lysed cells give a much more precise information on the specific activity and reaction kinetics.

The LytM_EAD activity is very limited in physiological conditions (PBS),^[@B33]^ however, in low conductivity environment (glycine buffer), LytM_EAD demonstrated great bacteriolytic potential ([Fig. 2A](#f2){ref-type="fig"}). This effect was even more notorious when the fluorometric assay was used. The specific activity of LytM_EAD was the highest among all tested enzymes in the glycine buffer and the lowest in PBS ([Fig. 2B](#f2){ref-type="fig"}). These assays confirmed previous observations of strong inhibition of LytM_EAD bacteriolytic activity by ions present in the reaction environment,^[@B33]^ which might implicate at least one of the mechanisms of LytM activity regulation *in vivo*.

![Specific activity of the lysins against *Staphylococcus aureus* NCTC 8325-4 reference strain. **(A)** Enzymes activities were observed as a turbidity reduction after 1 hr in room temperature either in 1 × PBS or 50 mM glycine buffer, pH 8.0. **(B)** Lytic activity of the enzymes was determined by SYTOX^®^ fluorescence assay performed in 1 × PBS or 50 mM glycine buffer, pH 8.0, at room temperature for 1 hr. PBS, phosphate-buffered saline.](fig-2){#f2}

In a similar way, the lysostaphin enzymatically active domain (Lss_EAD) showed slightly higher activity in glycine than in the PBS buffer. Nevertheless, LytM_EAD displayed twofold higher bacteriolytic and 10 times higher specific activity than Lss_EAD in the low conductivity buffer. These assays indicate that LytM_EAD possess much higher catalytic potential than the enzymatically active domain of lysostaphin.

A limited activity of isolated Lss_EAD was noticed previously.^[@B40]^ Of note, it has been reported that the removal of the cell wall binding domain (CBD) from several phage endolysins completely abolished the activity of isolated enzymatically active domain.^[@B43],[@B11]^

Lysostaphin CBD domain enables LytM activity in high conductivity buffers {#s014}
-------------------------------------------------------------------------

In the low conductivity glycine buffer, both Lss and Lss_EAD showed similar activity, however, much lower than that detected for LytM_EAD. By contrast, the Lss activity was significantly higher than the activity shown by the enzymatically active domains, (Lss_EAD and LytM_EAD) in PBS (*p* \< 0.001).

These results suggest that the presence of ions in the enzymatic reaction environment inhibits the activity of the catalytic domains, and it seems that the CBD helps to overcome this limitation since the mature lysostaphin showed a notorious activity under physiological conditions. The regulation of lysostaphin activity by NaCl has been noticed shortly after discovery of this enzyme,^[@B44],[@B45]^ but it has never been properly investigated. Lu *et al.* reported inhibitory effect of NaCl on the activity of lysostaphin and its enzymatically active domain, but the effect on isolated domain was much stronger.^[@B41]^ Those experiments were carried out in a different range of ionic strength, so it is hard to discuss presented conclusions. However, we have never seen any inhibitory effects of increased ionic strength on the lysostaphin activity neither in experiments presented in this study nor in our previous reports.^[@B33]^

Becker *et al.*^[@B11]^ reported a detailed analysis of activity of multidomain endolysin LysK variants comprising separate domains, modified linkers, or their combinations. Significant discrepancies between results of various activity assays were noticed; for example in the case of a separate CHAP domain, a very high activity was detected in zymography carried out in water, while no or very low activity was demonstrated in a turbidity reduction assay performed in a buffer with 150 mM NaCl. This observation applies also to all other enzymes lacking CBD domain reported in the article and confirms the results of Horgan *et al.* who demonstrated high bacteriolytic activity of isolated LysK CHAP domain in both zymography and turbidity reduction assays, carried out in low conductivity conditions.^[@B46]^ This effect of enhanced binding affinity was reported also for other cell wall binding domains fused to enzymatically active domains, suggesting that this might be a more general rule.^[@B6],[@B47]^

We have therefore assumed that the addition of lysostaphin cell wall binding domain (Lss_CBD) to the enzymatically active domain of LytM (LytM_EAD) will make its activity less dependent on ionic environment. Moreover, because of greater catalytic potential of LytM_EAD, such chimeric enzyme could exhibit greater bacteriolytic activity than lysostaphin itself.

To test this hypothesis, we have engineered two fusion lysins composed of LytM_EAD and Lss_CBD domains connected by 17 amino acid long lysostaphin linker. Those domains were ligated in both C- (Chimera) and N-terminal (revChimera) ends to test if Lss_CBD location has any impact on the lytic activity of fusion proteins ([Fig. 1](#f1){ref-type="fig"}).

The bacteriolytic activity of generated chimeric lysins was tested in four different assays: turbidity reduction assay, fluorescence DNA release, MIC, and CFU determination, and compared to the activities of parental enzymes. Turbidity reduction and fluorescence DNA release assays showed that chimeras activity is as high as that of Lss in PBS, while in low conductivity conditions, chimeras performed better than Lss and Lss_EAD and only were slightly worse than LytM_EAD ([Fig. 2](#f2){ref-type="fig"}).

High bacteriolytic efficiency of chimeras was confirmed by low MIC value of 0.125 μg/ml, which is comparable to MIC values reported for lysostaphin ranging from 0.002 to 0.25.^[@B39],[@B40]^ MIC values for LytM_EAD were not detectable because of high conductivity of the medium (30 mS/cm) in which the test has to be performed. Such conditions completely suppressed the activity of this enzyme (data not shown). Interestingly, MIC value for chimeric enzymes of identical architecture reported by Osipovitch was 2--10 times higher,^[@B40]^ which might be due to enhanced stability of our enzymes with introduced linker mutations ([Supplementary Fig. S4A](#SD1){ref-type="supplementary-material"}; Supplementary Data are available online at [www.liebertpub.com/mdr](www.liebertpub.com/mdr)).

CFU count seems to be the most precise and direct way to evaluate the efficiency of bacteriolytic enzymes. Although lysostaphin performed the best in our experiments reducing CFU from 1.62 ± 0.21 × 10^9^ to 4.00 ± 3.00 × 10^5^, chimera was able to reduce CFU by 3 logs to 1.30 ± 1.8 × 10^6^, and LytM_EAD had no effect on CFU ending experiments with 1.81 ± 1.08 × 10^9^. This effect can be easily explained by the high conductivity of MHII media, in which the experiment was done much beyond values allowing LytM_EAD activity.

Difficulties in evaluation of bacteriolytic activity of endolysin and other bacteriolytic enzymes come from their multidomain structure and complexity of their substrates---cell walls, which are built of various components and comprise very different local environments. Various activity assays are being employed to characterize bacteriolytic and catalytic activity of PGN hydrolases.^[@B11],[@B39],[@B40]^ Even if similar assays are reported, the reactions are often carried out in different conditions making the comparison of the results very difficult, or even impossible.^[@B48]^

We have therefore concluded that addition of Lss_CBD domain to LytM_EAD increases its efficiency of bacteriolysis in physiological conditions. Moreover, the position of Lss_CBD domain (C- or N-terminal) has no influence on the overall antistaphylococcal activity of the fusion enzymes ([Fig. 2A, B](#f2){ref-type="fig"}). Despite greater catalytic potential of LytM_EAD, generated chimeras did not perform better in our activity testes than lysostaphin. Still, they seem to have the greatest staphylolytic activity among autolysin-based chimeric enzymes.^[@B48]^

More systematic work would be needed to test whether regulation of lysin activity by ionic conditions is a more general phenomena and if this might be one of the mechanisms of controlling their physiological activity, particularly important for autolysins.

PGN binding by chimeric lysins does not depend on ionic strength of the reaction environment {#s015}
--------------------------------------------------------------------------------------------

This and previous studies indicate that the activity of multidomain enzymes depends on each of their components. The bacteriolytic potential of chimeric enzymes, composed of enzymatically active and cell wall binding domains, will be affected by two elements: the catalytic activity and the binding specificity/affinity of domains.

Analysis of lysostaphin structure^[@B24]^ suggests that there are no direct interactions between the two domains, which are joined with a flexible linker. Similar architecture is kept in our chimeras, therefore it is very likely that such statement will apply also to the interactions between LytM_EAD and Lss_CBD in engineered enzymes. If not by direct interactions between domains, then it must be another mechanism that allows explaining the higher activity of chimeric enzymes under high conductivity conditions. This could be the effect of the presence of CBD on binding of PGN by the enzymes. We tested this hypothesis by a binding assay in which Lss, LytM_EAD, and the chimeric lysin (Chimera) were used.

All the proteins bound *S. aureus*-isolated PGN under low ionic conditions, but under increased conductivity buffers, LytM_EAD was not able to bind the substrate and the binding was partially restrained also for Lss_EAD ([Table 1](#T1){ref-type="table"} and [Supplementary Fig. S1](#SD2){ref-type="supplementary-material"}).

###### 

[Summary of Chimera Features Compared in Various Test and Assays with Their Parental Enzymes]{.smallcaps}

               *Turbidity reduction assay*   *DNA realize assay*                                                                                                                         *Binding assay*              
  ------------ ----------------------------- --------------------- ----------------------------------------- ------------------------------------- ----- ----- ----- ----- ----- ------- ----------------- ----- ---- ----
  LytM_EAD     +++                           \+                    ^[\*\*\*\*](#tf3){ref-type="table-fn"}^   ^[\*](#tf3){ref-type="table-fn"}^     \+    \+    ++    +++   \+    ND      0                 +++   \+   −
  Lss          ++                            +++                   ^[\*](#tf3){ref-type="table-fn"}^         ^[\*\*](#tf3){ref-type="table-fn"}^   ++    ++    +++   +++   +++   0.03    4                 \+    \+   \+
  Lss_EAD      ++                            \+                    ^[\*](#tf3){ref-type="table-fn"}^         ^[\*](#tf3){ref-type="table-fn"}^     −     −     −     −     −     ND      0                 \+    \+   ±
  Lss_CBD      N/A                           N/A                   N/A                                       N/A                                   N/A   N/A   N/A   N/A   N/A   N/A     N/A               N/A   \+   \+
  Chimera      ++                            +++                   ^[\*\*](#tf3){ref-type="table-fn"}^       ^[\*\*](#tf3){ref-type="table-fn"}^   \+    \+    +++   +++   +++   0.125   3                 \+    \+   \+
  revChimera   ++                            +++                   ^[\*](#tf3){ref-type="table-fn"}^         ^[\*\*](#tf3){ref-type="table-fn"}^   ND    ND    ND    ND    ND    0.125   ND                ND    \+   \+

All assays were done as described in [Materials and Methods](#s002){ref-type="sec"} section. ND, not determined; N/A, not applicable.

Reduction of initial turbidity (%): +, up to 25%; ++, 25--50%; +++, 50--75%; ++++, over 75%.

Specific activity measured in DNA release assay (ΔMFIs^−1^ μM^−1^): ^\*^, up to 75; ^\*\*^, 75--150; ^\*\*\*^, 150--225; ^\*\*\*\*^, 225--300.

Binding assay: +, full binding; ±, partial binding; **−**, no binding.

MFI, mean fluorescence intensity; MIC, minimal inhibitory concentration.

These results indicate that the addition of CBD to enzymatically active domain of LytM does not render its catalytic potential, but provides better binding to the substrate in higher ionic conditions. Although the general role of CBD is recognition and binding of the cell wall elements providing specificity of lysins, their impact on the regulation of activity and/or specificity of enzyme can be very diverse as reviewed by Schmelcher at al.^[@B49]^ While in some cases their presence is necessary for lysin activity, in others, isolated enzymatically active domains are more potent than their fusions with binding domains. Although we do not have experimental proof, we speculate that one of the possible reasons why not all catalytic potential is demonstrated in chimeric enzymes is a very tight or even irreversible attachment of CBD to bacterial cell walls, which limits accessibility of the substrate to the "immobilized" enzyme.

Chimeric lysin activity versus parental proteins {#s016}
------------------------------------------------

### Specificity {#s017}

One of the effects of fusing domains from various lysins is altered, usually extended specificity. LytM_EAD as well as Lss_CBD and its homologue from *Staphylococcus capitis---*EPK1, were reported to recognize and bind the same fragment of PGNs--pentaglycine crossbridges.^[@B22],[@B25],[@B37]^ We have confirmed that the specificity of those domains in the newly generated fusion enzymes has not been changed and Chimera sustained their activity against Staphylococcus strains, including MRSA. The enzyme is not active against other Gram-positive and Gram-negative bacteria. LytM_EAD, lysostaphin, and Chimera activities were tested against three reference MSSA strains, three MRSA strains, and selected Gram-negative bacteria, namely *Pseudomonas aeruginosa, Escherichia coli,* and *Bacillus subtilis* ([Fig. 3](#f3){ref-type="fig"}). Engineered Chimera appeared slightly more effective in lysing Staphylococcus strains than the original enzymes.

![Activity of the enzymes against various bacterial strains was measured as OD~595~ decrease of tested bacterial strains incubated 1 hr in room temperature with 100 nM enzymes in 50 mM glycine buffer, pH 8.0, additionally supplemented with 100 mM NaCl for Chimera and lysostaphin.](fig-3){#f3}

### pH {#s018}

Although the optimal pH for the activity of lysostaphin and LytM_EAD is the same (7--8), the activity of Lss is sustained in a wider range of pH. The same is true for chimeric enzymes, which expressed relatively high activity in a wider range of pH compared to parental enzymatically active domain of LytM. It looks that the presence of cell wall binding domain expands the range of pH permissible for LytM_EAD bacteriolysis ([Supplementary Fig. S2](#SD3){ref-type="supplementary-material"}).

### Temperature {#s019}

We have previously shown that, in contrast to lysostaphin, enzymatically active domain of LytM is able to lyse bacteria over a wide range of temperatures from 0°C to 45°C. At 4°C, LytM_EAD is over four times more active than lysostaphin (European Patent No. 2699254). We have tested whether Chimera remains as active at 4°C as its parental LytM domain. Surprisingly, it turned out that the fusion of CBD domain with LytM_EAD strongly reduces the activity of chimeric enzyme at low temperature compared to LytM_EAD. Moreover, the chimeric enzyme was even less active than Lss ([Fig. 4](#f4){ref-type="fig"}).

![Enzyme activity kinetics in low temperature. Studied enzymes were incubated with *S. aureus* NCTC 8325-4 reference strain in 50 mM glycine buffer, pH 8.0, supplemented with 100 mM NaCl (except for LytM_EAD) on ice for 1 hr and their activity was observed as a turbidity reduction, OD~595~ was measured every 10 min.](fig-4){#f4}

The exceptionally high lytic activity at low temperature is an unusual feature of LytM. There are only few examples of lysins with such a characteristic; for example, Zhang *et al*.^[@B50]^ reported bacteriolytic phage endolysin LysZ5 effectively eliminating *Listeria monocytogenes* from milk at 4°C. The high activity of LytM_EAD and lack of activity of our chimeric lysins at low temperature is puzzling and further investigations would be needed to reveal mechanisms of the observed results.

### Stability {#s020}

We have observed the degradation of recombinant Chimera and revChimera enzymes to two peptides after extended storage at 4°C. Mass-spec analysis of these degradation products showed that both fusion lysins are cut at the lysostaphin linker site between two glycine residues G391 and G393 ([Supplementary Fig. S3](#SD4){ref-type="supplementary-material"}). This sequence was not recognized as a cutting site for any peptidase in PeptideCutter.^[@B51]^ The fact that the cleavage occurred between two glycines, which shows some resemblance to the cutting site of LytM_EAD (pentapeptide sequence), lead us to speculate that this degradation might be the result of the residual activity of the chimeras.

To test this hypothesis, we have generated two single (G391A and G392S) and one double mutant (G391A, G392S) of our chimeric lysins ([Supplementary Fig. S4A](#SD1){ref-type="supplementary-material"}). Glycine residues are commonly found in linker sequences as they provide extra flexibility to the amino acid chain joining enzymatically active and cell wall binding domains. Replacement of two glycines in the linker sequence could have a negative effect on the enzyme activity due to increased stiffness of the linker between domains, which could lead to impaired bacteriolytic activity of chimeric enzymes. Fortunately, that was not the case as our mutants demonstrated full activity compared to parental chimeras ([Supplementary Fig. S5](#SD5){ref-type="supplementary-material"}). Stability tests showed that only double mutants of both Chimera and revChimera were much more stable than original fusion lysins. They can be stored at 4°C for at least one month without significant loss of stability and activity ([Supplementary Fig. S4B](#SD1){ref-type="supplementary-material"}).

We have generated a potent bacteriolytic autolysin-based chimeric enzyme by combining M23 domain of LytM and CBD of lysostaphin. We have demonstrated that the addition of the CBD to LytM_EAD expands the range of ionic and pH conditions supporting high activity of LytM enzymatically active domain. Moreover, we show that these phenomena might be explained not by improved catalytic activity but by enhanced PGN binding provided by the attached CBD. It would be interesting to further investigate if such "activation" of autolysins is more universal and may serve as yet another way of tight temporal and special regulation of the activity of this group of lysins.

Supplementary Material
======================

###### Supplemental data

###### Supplemental data

###### Supplemental data

###### Supplemental data

###### Supplemental data

Acknowledgments {#s021}
===============

The authors thank Dr. Adam Jagielski at Warsaw University (Poland) for mass-spec analysis of chimeric enzymes and Dr. Joanna Stefańska at Warsaw Medical University (Poland) for enzyme specificity measurement against various staphylococcus strains. The authors also thank Dr. Małgorzata Wiweger and Dr. Adam Jagielski for the thorough revision and discussion of the article. This work was supported by NCBiR grant (PBS1/A8/8/2012) (PL) and Foundation for Polish Science---SKILLS project: IMPULS competition cofinanced by the European Social Fund (87/UD/SKILLS/2014).

Disclosure Statement {#s022}
====================

No competing financial interests exist.
